Introduction
============

The genus *Glycyrrhiza* L. (family Leguminosae) comprises approximately 20 recognized species distributed worldwide, most of which are perennial plants. The genus name *Glycyrrhiza* is derived from the ancient Greek word for 'sweet root' (Gr. *glykos* (sweet) + *rhiza* (root)), which was later Latinized to *liquiritia* and eventually to licorice ([@ref-8]).

Generally, licorice refers to the roots of *Glycyrrhiza glabra*, *Glycyrrhiza uralensis*, and *Glycyrrhiza inflata* ([@ref-10]). Licorice has been used as a medicinal herb to treat various diseases such as diabetes and depression. Glycyrrhizin, a triterpene found in the roots of *Glycyrrhiza* spp., exhibits pharmacological activities, including anticancer, detoxification, and anti-oxidant activities ([@ref-19]). In addition, licorice root is a natural sweetener, and it is used as a flavoring agent in food production worldwide ([@ref-25]; [@ref-6]; [@ref-32]). Licorice is sold in the form of slices or powder within Asian market, and therefore it is difficult to visually determine its variety and origin of production. Various studies have been conducted to identify varieties to secure their sovereignty at the national level in agreement with the Nagoya Protocol, an international treaty for sharing profits resulting from the utilization of biological resources ([@ref-2]; [@ref-33]).

Several types of molecular markers utilize variations in DNA sequences, including random amplified polymorphic DNA, amplified fragment length polymorphism, single nucleotide polymorphism, and simple sequence repeat (SSR) markers. The genomes of plants and eukaryotic organisms contain a large number of SSRs ([@ref-7]; [@ref-4]; [@ref-27]), which are widely distributed in the coding and non-coding regions of nuclear and organellar DNA ([@ref-30]). The SSR markers are co-dominant and have higher polymorphism and reproducibility than other DNA markers. Therefore, they are broadly used for identifying species and cultivars, as well as for analyzing genetic diversity and population structure ([@ref-11]; [@ref-31]). Because SSR markers can be transferred between species ([@ref-17]), they are suitable not only for determining genetic diversity but also for cross-species amplification, which reduces the cost and time associated with such analyses.

Wild species usually present higher resistance to abiotic and biotic stresses compared to cultivated plant species, and some lineages have desirable genetic traits. Genetic studies have been conducted on wild and cultivated species of crops such as potato and tomato ([@ref-23]; [@ref-24]). Similarly, [@ref-1] examined the genetic relationships between wild and cultivated species of licorice. Recently, SSR markers were developed for licorice species based on the chloroplast genomes of *G. uralensis*, which is a cultivated species ([@ref-18]), and *G. lepidota*, which is a wild species ([@ref-22]; [@ref-9]); on the transcriptome of *G. uralensis* and *G. glabra*, also a cultivated species ([@ref-29]); and on the nuclear genome of *G. lepidota* ([@ref-15]). However, to the best of our knowledge, molecular studies on genomic SSR markers of licorice have not been conducted. Thus, the present study aimed to develop genomic SSR markers for licorice molecular genetic studies, including the differentiation between wild and cultivated species, their genetic diversity, and population structure.

Materials & Methods
===================

Plant material and DNA isolation
--------------------------------

The materials used in the present study comprised 11 accessions of *G. uralensis* and *G. glabra* obtained from the Ginseng Research Division at the National Institute of Horticultural and Herbal Science (NIHHS), South Korea, and 12 accessions obtained from the United States Department of Agriculture (USDA), including *G. uralensis*, *G. glabra*, *G. lepidota*, *G. echinata*, and *Glycyrrhiza* spp. ([Table 1](#table-1){ref-type="table"}). Seedlings of each licorice accession were grown in pots of sterile soil in a greenhouse with three plants per accession. Leaf samples were purposively sampled from three plants per accession from 4-week-old seedlings and ground to powder using liquid nitrogen in a pestle--mortar; their genomic DNA was extracted using the Plant gDNA Extraction Kit (GeneAll, Seoul, Korea) following the manufacturer's protocol.
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###### *Glycyrrhiza* sp. accessions used in the present study.
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  **Accession code**   **Species**               **Origin**[^a^](#table-1fn1){ref-type="fn"}   **Institution**[^b^](#table-1fn2){ref-type="fn"}
  -------------------- ------------------------- --------------------------------------------- --------------------------------------------------
  CBG1                 *Glycyrrhiza uralensis*   CAN                                           NIHHS
  CBG2                 *G. uralensis*            RUS                                           NIHHS
  CBG3                 *Glycyrrhiza glabra*      CHN                                           NIHHS
  CBG4                 *G. glabra*               CAN                                           NIHHS
  CBG5                 *G. uralensis*            MNG                                           NIHHS
  CBG6                 *G. glabra*               UZB                                           NIHHS
  CBG7                 *G. uralensis*            CHN                                           NIHHS
  CBG8                 *Glycyrrhiza* spp.        KOR                                           NIHHS
  CBG9                 *Glycyrrhiza* spp.        KOR                                           NIHHS
  CBG10                *Glycyrrhiza* spp.        KOR                                           NIHHS
  CBG11                *Glycyrrhiza* spp.        KOR                                           NIHHS
  CBG12                *Glycyrrhiza echinata*    YUG                                           USDA ARS
  CBG13                *G. echinata*             DEU                                           USDA ARS
  CBG14                *G. uralensis*            KAZ                                           USDA ARS
  CBG15                *G. uralensis*            KGZ                                           USDA ARS
  CBG16                *G. glabra*               KGZ                                           USDA ARS
  CBG17                *G. glabra*               KGZ                                           USDA ARS
  CBG18                *Glycyrrhiza lepidota*    USA                                           USDA ARS
  CBG19                *G. lepidota*             USA                                           USDA ARS
  CBG20                *G. lepidota*             USA                                           USDA ARS
  CBG21                *G. lepidota*             USA                                           USDA ARS
  CBG22                *G. lepidota*             USA                                           USDA ARS
  CBG23                *G. lepidota*             USA                                           USDA ARS

**Notes.**

Refers to the region where the specimen was collected: CAN, Canada; RUS, Russia; CHN, China; MNG, Mongolia; UZB, Uzbekistan; KOR, Korea; YUG, Yugoslavia; DEU, Germany; KAZ, Kazakhstan; KGZ, Kyrgyzstan; USA, United States of America.

Refers to the institution where the accessions are deposited: NIHHS, National Institute of Horticultural and Herbal Science; USDA ASR: United States Department of Agriculture Agricultural Research Service.

Primer design and polymerase chain reaction
-------------------------------------------

In our previous study, the chloroplast genome of *G. lepidota* (NCBI accession no. [KY038482](https://www.ncbi.nlm.nih.gov/nucleotide?term=KY038482)) was obtained by the *de novo* assembly of the low-coverage whole-genome sequence via a bioinformatics pipeline (<http://phyzen.com>) ([@ref-22]). We mined SSRs based on a whole-genome sequence that was not used in the chloroplast genome analysis of *G. lepidota*. The whole-genome sequence of *G. lepidota* were searched for SSRs using the MIcroSAtellite (MISA, <http://pgrc.ipk-gatersleben.de/misa/>) with the search criteria for minimum number of repeats set at six for mono-nucleotide repeats, five for di-nucleotide repeats, four for tri-nucleotide repeats, and three each for tetra-, penta-, hexa-, hepta-, octa-, nona- and deca-nucleotide motifs. Next, 100 SSR primer pairs with di- and tri-nucleotide repeat motifs were randomly designed using Primer 3.0 (<http://primer3.sourceforge.net/>) with the following criteria: primer length (18--23 bp, with optimum value 20 bp); Tm (54 °C--56 °C, with optimum value 55 °C); GC content (40%--60%, with the optimum value 50%); maximum Tm difference between forward and reverse primer 1.5 °C and product size range (100--350 bp with optimum value 250 bp). The first polymerase chain reaction (PCR) using all the primer sets was performed for four accessions of *G. lepidota* (CBG20-23) to establish the PCR conditions. The primers resulting in successful amplifications were then applied to assess the genetic diversity of the 23 *Glycyrrhiza* spp. accessions. The PCR mixture (total volume, 40 µL) contained 20 ng genomic DNA, 10 pmol each primer, 2.5 mM MgCl~2~, 0.25 mM dNTPs, and 0.5 U Taq polymerase (Inclone, Deajeon, Korea). The amplification was performed on a CFX96 PCR detection system (Bio-Rad Laboratories, Hercules, CA, USA) and included 30 cycles of pre-denaturation at 94 °C for 5 min, denaturation at 94 °C for 30 s, annealing at 55--60 °C for 45 s, and extension at 72 °C for 1 min. The PCR products were separated and visualized using a Fragment Analyzer (Agilent Technologies, Santa Clara, CA, USA).

Data analyses
-------------

The number of alleles, major allele frequency, genetic diversity, observed heterozygosity, and polymorphism information content (PIC) were analyzed using PowerMarker 3.25 (<https://brcwebportal.cos.ncsu.edu/powermarker/>). The rate of cross-amplification (transferability) among the 23 licorice accessions was measured using the following equation: Transferability (%) = amplicons (bands amplified by PCR) × 100/theoretical amplicons (primer number × sample size) ([@ref-16]; [@ref-21]). Phylogenetic analysis was performed using the Cavalli-Sforza chord distance ([@ref-3]) included in PowerMarker; the phylogenetic tree was constructed in MEGA4 ([@ref-26]) using the unweighted pair group method with arithmetic mean.

Results
=======

Diversity of SSR markers and interspecies cross-amplification
-------------------------------------------------------------

From the whole-genome sequence of *G. lepidota*, 249,492 SSRs were mined. The frequency distribution of mined SSR repeat types is presented in [Table S1](#supp-1){ref-type="supplementary-material"}. It was observed that mononucleotide repeats (218,320; 87.5%) were the most abundant repeat type, followed by dinucleotide repeats (11,056; 4.4%), tetra-nucleotide repeats (9,365; 3.8%), tri-nucleotide repeats (7580; 3%), penta-nucleotide repeats (3,170; 1.3%), and hexa-nucleotide repeats (1,387; 0.6%) in *G. lepidota* whole-genome, respectively ([Table S1](#supp-1){ref-type="supplementary-material"}).

Sixty-two of the 100 selected primers amplified all the four accessions of *G. lepidota* (CBG20-23). Thus, these 62 primers were used to analyze the diversity of the 23 licorice accessions, which resulted in the identification of 549 alleles; the number of alleles per marker ranged from 2 (GL-gSSR-019) to 23 (GL-gSSR-028), with a mean of 9.6 alleles. The major allele frequency ranged from 0.11 (GL-gSSR-088) to 0.91 (GL-gSSR-019), with a mean of 0.349. The observed heterozygosity ranged from 0 (GL-gSSR-006, -019, -023, -068, -090, -097, and -100) to 0.70 (GL-gSSR-095), with a mean of 0.264. The maximum values of genetic diversity and PIC, indicating the genetic diversity of the markers, were 0.94 and 0.93, respectively, in GL-gSSR-028, whereas the minimum values were 0.17 and 0.15, respectively, in GL-gSSR-019. The mean values of genetic diversity and PIC were 0.760 and 0.730, respectively ([Table S2](#supp-2){ref-type="supplementary-material"}). Cross-amplification analysis among licorice species revealed that *G. echinata* had the highest transferability (93.5%), followed by *G. glabra* (91.6%) and *G. uralensis* (91.1%); the mean value was 92.07% ([Table 2](#table-2){ref-type="table"}).
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###### Transferability of the 62 *Glycyrrhiza lepidota* simple sequence repeat (SSR) markers to other *Glycyrrhiza* species.
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  **Species(Sample size)**      **Theoretical amplicons(number)**   **Amplicons(number)**   **Transferability(%)**
  ----------------------------- ----------------------------------- ----------------------- ------------------------
  *Glycyrrhiza uralensis* (6)   372                                 339                     91.1
  *Glycyrrhiza glabra* (5)      310                                 284                     91.6
  *Glycyrrhiza echinata* (2)    124                                 116                     93.5
  *Mean*                                                            268.6                   92.07

Phylogenetic analysis
---------------------

The 23 accessions were classified into two clusters ([Fig. 1](#fig-1){ref-type="fig"}), one corresponding to the cultivated plant species (group 1) and the other to the wild species (group 2). The 15 accessions within group 1 were arranged into three subgroups: group 1--1 contained two *G. glabra* accessions; group 1--2 contained six *G. uralensis* accessions, one *G. glabra* accession, and one *Glycyrrhiza* sp. accession; and group 1-3 contained two *G. glabra* accessions and three *Glycyrrhiza* sp. accessions. The seven accessions within group 2 were arranged into two subgroups, groups 2--1 and 2--2, which contained six *G. lepidota* and two *G. echinata* accessions, respectively.

![Phylogenetic tree of the 23 *Glycyrrhiza* sp. accessions based on 62 simple sequence repeat markers developed here, as well as on the Cavalli-Sforza chord genetic distance.](peerj-07-7479-g001){#fig-1}

Discussion
==========

Diversity of the SSR markers
----------------------------

The mean PIC value of the SSR markers developed in the present study using wild (*G. lepidota* and *G. echinata*) and cultivated (*G. uralensis* and *G. glabra*) licorice accessions was 0.730, which is higher than that reported for other medicinal plants: 0.314 for *Zingiber officinale* ([@ref-20]), 0.57 for *Codonopsis lanceolata* ([@ref-12]), and 0.272 for *Festuca arundinacea* ([@ref-28]). These results showed that the SSR markers developed in the present study have a higher diversity than those developed for other species. Moreover, [@ref-29] reported the PIC value of 0.56 for eight SSR markers based on *G. uralensis* genome using 22 accessions of cultivated licorice species (*G. uralensis* and *G. glabra*). To compare the markers developed in the present study with those previously reported, the PIC values of the 11 accessions of cultivated licorice species (*G. uralensis* and *G. glabra*) were measured, and a mean value of 0.624 was obtained. Thus, the SSR markers developed in the present study had a higher mean PIC value than those previously developed for *G. uralensis*, despite the lower number of accessions and higher number of primers used here. This might be attributed to the fact that the primers with PIC value higher than 0.63 accounted for 66.13% of the total primers. These results suggested that the markers developed in the present study should be more efficient for molecular genetic studies than those reported in previous studies due to their higher diversity.

In the diversity analysis based on repeat motifs, the mean PIC values of dinucleotide repeat motifs (32 sets of primers) and trinucleotide repeat motifs (30 sets of primers) were 0.796 and 0.688, respectively, showing a higher value for the dinucleotide repeat motifs. The higher mean PIC value for dinucleotide repeats might be related to the fact that dinucleotide repeats are distributed throughout the genome, whereas trinucleotide repeats are mostly present in coding regions. Furthermore, trinucleotide repeats are under a relatively weaker selection pressure against mutations that alter the reading frame compared with the dinucleotide repeats, leading to a lower genetic diversity in the trinucleotide repeats ([@ref-11]; [@ref-30]). Considering that dinucleotide repeats had higher PIC values than trinucleotide repeats, despite the similar number of primers, the primers based on dinucleotide repeats are expected to be more useful for studies regarding diversity analysis.

Interspecies cross-amplification
--------------------------------

The mean interspecies transferability of licorice was 92.5%. The mean interspecies transferabilities of *Rubus coreanus* and *Allium sativum* were 73.52% ([@ref-16]) and 58.85% ([@ref-14]), respectively, and that of *Triticum aestivum* and *Secale cereale* were 48.4% and 35.3%, respectively ([@ref-13]). According to the report of [@ref-5], the transferabilities of SSR markers developed for *Medicago truncatula*, *Phaseolus vulgaris*, and *Cicer arietinum* to *G. glabra*, *G. echinata*, and *G. flavescens* were 33% for *M. truncatula*, 11% for *P. vulgaris*, and 6% for *C. arietinum*. These results indicated that the markers developed for *Glycyrrhiza* accessions in the present study had higher transferability than those developed for other species. Interspecies crossing rates between *G. lepidota* and other licorice species were 51--75% ([@ref-1]), suggesting that crossing may occur under natural conditions, and genes of *G. lepidota* could affect other licorice species. We postulated that these are the likely reasons why interspecies transferability has become relatively high. In particular, *G. lepidota* had a high transferability with *G. echinata*, another wild species, possibly because these are more closely related to each other than to cultivated species. Such results showed that the SSR markers developed for the wild species *G. lepidota* can be efficiently used for other licorice species. However, as the number of resources used in the present study was smaller than that in other studies, future studies should include various species.

Phylogenetic analysis of licorice accessions
--------------------------------------------

In the present study, although CBG4 and CBG6 (*G. glabra* accessions) clustered with CBG16 and CBG17 (also *G. glabra* accessions), they were separated into groups 1--1 and 1--3, respectively. Such clustering could be due to the random selection of markers. In addition, the separation of *G. glabra* into two subgroups might be due to their genetic differences arising from their production origins. The four *Glycyrrhiza* spp. accessions CGB08, CGB09, CGB10, and CGB11 were separated into two groups, suggesting that CBG09 is genetically closer to *G. uralensis*, whereas CBG08, CGB10, and CGB11 are genetically closer to *G. glabra*. Accession CBG3 (*G. glabra*) clustered with *G. uralensis*, which might be due to either incomplete identification of resources during collection or insufficient numbers of licorice accessions ([@ref-9]; [@ref-15]). However, [@ref-9] estimated that the wild species *G. echinata* was genetically close to the cultivated species *G. uralensis*.

Conclusion
==========

The clustering pattern obtained in the present study was congruent with the results of [@ref-15], indicating that the SSR markers that allow the analysis of intra-species diversity might also be efficient for interspecies differentiation. Moreover, the SSR markers developed in the present study might be successfully applied in molecular genetic studies aiming to differentiate wild and cultivated licorice and to determine their diversity.
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###### The distributions of SSRs identified from the Glycyrrhiza lepidota

###### 

Click here for additional data file.
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###### Genetic diversity statistics of 62 GL-SSR markers in 23 Glycyrrhiza spp

###### 

Click here for additional data file.
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